It has been postulated that triheptanoin can ameliorate seizures by supplying the tricarboxylic acid cycle with both acetyl-CoA for energy production and propionyl-CoA to replenish cycle intermediates. These potential effects may also be important in other disorders associated with impaired glucose metabolism because glucose supplies, in addition to acetyl-CoA, pyruvate, which fulfills biosynthetic demands via carboxylation. In patients with glucose transporter type I deficiency (G1D), ketogenic diet fat (a source only of acetyl-CoA) reduces seizures, but other symptoms persist, providing the motivation for studying heptanoate metabolism. In this work, metabolism of infused [5, 6, [7] [8] [9] [10] [11] [12] [13] C 3 ]heptanoate was examined in the normal mouse brain and in G1D by 13 C-nuclear magnetic resonance spectroscopy, gas chromatography-mass spectrometry (GC-MS), and liquid chromatography-mass spectrometry (LC-MS). In both groups, plasma glucose was enriched in 13 C, confirming gluconeogenesis from heptanoate. Acetyl-CoA and glutamine levels became significantly higher in the brain of G1D mice relative to normal mice. In addition, brain glutamine concentration and 13 C enrichment were also greater when compared with glutamate in both animal groups, suggesting that heptanoate and/or C5 ketones are primarily metabolized by glia. These results enlighten the mechanism of heptanoate metabolism in the normal and glucosedeficient brain and encourage further studies to elucidate its potential antiepileptic effects in disorders of energy metabolism.
INTRODUCTION
Metabolism of blood-borne glucose provides the majority of energy consumed by the brain and also the substrates for neurotransmitter synthesis via the tricarboxylic acid (TCA) cycle. 1 Defects of brain glucose metabolism, such as glucose transporter type I deficiency (G1D), commonly lead to neuronal hyperexcitability manifested as epilepsy as well as delayed myelin deposition and brain maturation. 2, 3 Alternative brain fuels, such as ketones produced from a high-fat content ketogenic diet, can ameliorate epilepsy in G1D patients 4 but, at best, this therapy has a modest impact on intellectual disability, ataxia (movement incoordination), and spasticity (motor neuron dysfunction) in most cases. 5, 6 Food-derived ketones (bhydroxybutyrate and acetoacetate) contain an even number of carbons that provide acetyl-CoA, which can be oxidized in the TCA cycle. 7, 8 However, even-carbon ketones cannot provide substrate for net biosynthesis because the input of two carbons provided by each acetyl-CoA molecule is lost at the completion of one TCA cycle. Consequently, supplementation with even-carbon fatty acids or their derivative substrates cannot support neurotransmitter synthesis or other synthetic needs.
In contrast, anaplerosis, the combined flux through all reactions converging into the TCA cycle that have the effect of increasing the mass of TCA cycle intermediates, can support net biosynthesis. For example, pyruvate carboxylase (EC 6.4.1.1) is a key anaplerotic enzyme in the brain tissue. However, the availability of pyruvate is likely to be compromised in disorders associated with diminished brain glucose transport and reduced glycolysis. An alternative route of entry into the TCA cycle is via the reaction catalyzed by propionyl-CoA carboxylase (EC 6.4.1.3). This reaction is relevant because exogenously administered odd-carbon triglycerides such as triheptanoin could provide substrate for anaplerosis via the b-oxidation of carbons 1 to 4, which generates two molecules of acetyl-CoA and one molecule of propionyl-CoA. The latter can enter the TCA cycle through propionyl-CoA carboxylase. [9] [10] [11] Triheptanoin has been previously used in disorders of mitochondrial fat oxidation, glycogen storage, and pyruvate metabolism. 10, 12 Additionally, it has been reported that heptanoate derived from triheptanoic diet may exert anticonvulsant effects in epileptic animal models while refilling depleted brain TCA cycle intermediates. 11 As illustrated in Figure 1 , the standard, whole-organ notion that explains these 1 Rare Brain Disorders Clinic and Laboratory, Department of Neurology and Neurotherapeutics, Dallas, Texas, USA; findings is that dietary triheptanoin is metabolized to plasma heptanoate and C5 ketones (b-ketopentanoate and b-hydroxypentanoate), 10 both of which can enter the TCA cycle at the level of acetyl-CoA and propionyl-CoA. According to this principle, heptanoate metabolized directly in the brain or partially in the periphery to C5 ketones, followed by transfer to the brain 11, 13 could drive anaplerosis both in the normal brain and in the setting of glucose transport defects or insufficient glucose accumulation. The liver, however, can avidly scavenge odd-carbon fatty acids for gluconeogenesis, which may also result in therapeutic benefit by increasing glucose availability in the bloodstream.
Thus, in spite of the intense interest in the possible benefits of heptanoate that these contentions have kindled, there is no direct evidence that either heptanoate itself or C5 ketones contribute to metabolism through anaplerosis in the brain in vivo. Analysis of heptanoate metabolism in vivo using 14 C or 13 C tracer methods is challenging because glucose generated in the liver can be enriched with the tracer and metabolism of these liver- 13 C-enriched glucose molecules by the brain can complicate the analysis of the metabolism of heptanoate or pentanoate equivalents.
An alternative is to select a predicted heptanoate labeling pattern that allows for the distinction between the oxidation of glucose (derived from heptanoate) in the brain from the oxidation of heptanoate itself. In this work, we sought to characterize the metabolism of [5,6,7-13 C 3 ]heptanoate in the brain of normal conscious mice and of a transgenic antisense mouse model of G1D that exhibits the common epileptic phenotype typical of the human glucose transporter defect.
14 Administration of heptanoate labeled in this fashion is followed by oxidation of [5, 6, [7] [8] [9] [10] [11] [12] [13] 13 C in the presence of intravenously infused [5,6,7- 13 C 3 ]heptanoate as expected, indicating that the understanding of any effects of heptanoate therapy must consider its effects on glucose production. Nevertheless, the fractional 13 C enrichment in plasma glucose was small. The labeling patterns in glutamate and glutamine in the brain tissue demonstrate that heptanoate and/or C5 ketones are metabolized in the brain in both animal groups, and glucose generated by gluconeogenesis from 13 C-enriched heptanoate is also oxidized by the brain of both animal groups. In both mice groups, glutamine concentration, its overall 13 C resonance, and its 13 C enrichment (primarily M þ 3) were higher than that of glutamate, indicating that heptanoate or its derivatives are directly metabolized in the brain, in a reaction thought to occur primarily in glia.
MATERIALS AND METHODS
Infusion of [5,6,7- 13 C]Heptanoate
This study was approved by the Institutional Animal Care and Use Committee of UT Southwestern Medical Center. Normal C57BL/6J mice (n ¼ 4, weight ¼ 21.5±0.6 g, age ¼ 4.2±0.2 months; all ranges and errors hereafter are expressed as standard error of the mean (s.e.m.) unless otherwise indicated) and transgenic GLUT-1 mice (n ¼ 6, weight: 17.9 ± 3.5 g, age: 3.1 ± 0.3 months) 14 were used for the study. A cannulation and infusion protocol was used as previously described. 15, 16 Briefly, the right jugular vein was aseptically cannulated under intra- peritoneal anesthesia provided by ketamine (100 mg/kg) and xylazine (10 mg/kg). The catheters were filled with glycerol and heparin (500 U/mL) to prevent clotting. After recovery, mice were individually housed under standard animal care conditions with ad libitum access to water and food. Three days post-cannulation, the mice were habituated and confined to a cylindrical Lucite cage to prevent ambulation and the catheter purged with 2 mL saline solution. A 150-mmol/L solution of [5, 6, [7] [8] [9] [10] [11] [12] [13] C 3 ]heptanoate (Na salt, 99% 13 C enrichment, Sigma-Aldrich St Louis, MO, USA) was prepared (pH: 7.5 to 7.8). Heptanoate was then intravenously infused for 35 minutes in each conscious mouse at a rate that provided 50% of the caloric requirement. The infusion rates, calculated according to the weight of each mouse and the caloric content of heptanoate (7.7 kcal/g) as previously described, 17 were 95.9 ± 3.9 mmol of heptanoate per minute per kg. Animals were decapitated at the end of infusion and forebrains were rapidly removed and hemispheres manually dissected (o15 seconds), frozen in liquid nitrogen and stored at À 85 1C. One hemisphere was used for nuclear magnetic resonance (NMR) studies and the other hemisphere for gas chromatography-mass spectrometry (GC-MS)/liquid chromatographymass spectrometry (LC-MS) analysis. Blood was simultaneously collected from the cervical stump, placed in a precooled microfuge tube with 2 mL of heparin (500 U/L), centrifuged at 3,300 g for 3 minutes to extract the plasma. The plasma was frozen in liquid nitrogen and stored at À 85 1C. Blood glucose concentration was measured before and after the infusion with a Contour glucometer (Bayer Healthcare, Tarrytown, NY, USA) 18 from each mouse tail.
Preparation of Tissue Extracts
The perchloric acid extraction protocol was previously reported by us. 15 Briefly, the brain hemispheres (B150 mg) were finely grounded in a mortar under liquid nitrogen. Perchloric acid (4%; 1:4 w/v) was added to each sample, followed by centrifugation at 47,800 g for 15 minutes. The supernatant was transferred to a new tube where chloroform/ tri-noctylamine (78%/22%; v/v) was added in 1:2 volumetric ratio to a pH of 6. The samples were centrifuged at 3,300 g for 15 minutes, the aqueous phase removed and transferred to a microfuge tube and then lyophilized. In all, 200 mL of deuterium oxide (99.96%; Cambridge Isotope Laboratories, Andover, MA, USA) was added to each sample and the pH adjusted to 7.0 with 2 to 3 mL of 1 M sodium deuteroxide (99.5%; Cambridge Isotope Laboratories). The pH-neutral samples were then centrifuged at 18,400 g for 1 minute and the supernatant removed and placed into a 3-mm NMR tube for subsequent NMR analysis.
Nuclear Magnetic Resonance Spectroscopy 13 C-nuclear magnetic resonance spectra were obtained as previously reported. 15 In brief, proton-decoupled 13 C spectra were acquired on a 600-MHz Oxford magnet and Varian VNMRS Direct Drive console using a 3-mm broadband probe (Varian, Palo Alto, CA, USA). Proton decoupling was performed using a Waltz-16 sequence.
13 C-nuclear magnetic resonance spectroscopy parameters included a 451 flip angle per transient, a relaxation delay of 1.5 seconds, an acquisition time of 1.5 seconds, and a spectral width of 36.7 kHz. Samples were spun at 20 Hz and 25 1C. A heteronuclear 2 H lock was used to compensate for magnet drift during data acquisition. To achieve adequate signal-to-noise in the brain spectra, the number of scans acquired were typically 10,000 to 15,000.
Analysis of Nuclear Magnetic Resonance Spectra
Nuclear magnetic resonance spectra were analyzed as previously described. 15 Briefly, analyses were performed with ACD/Spec Manager 11.0 software (Advanced Chemistry Development, Toronto, ON, Canada). Time-series free induction decays were zero-filled and multiplied by an exponential weighting function before Fourier transformation. Metabolite peaks were then identified based on chemical shift position referenced to the glutamate C4 singlet at 34.2 p.p.m. Each peak was then fitted with a Gauss-Lorentz function and the area measurements for each fitted resonance peak and their multiplets estimated. For each isotopomer, multiplet areas were defined as a fraction of the total resonance area for that carbon signal. 19, 20 
GC-MS/LC-MS Analysis
The brain hemispheres (B150 mg) were assayed at the Mouse Metabolic Phenotypic Center at Case Western Reserve University for the concentration and/or mass analysis of TCA cycle intermediates, amino acids, and acyl-CoA as previously described. 21, 22 Plasma samples were assayed for the mass distribution of glucose as previously reported. [23] [24] [25] Correction of measured mass isotopomer distributions for natural enrichment was performed using the CORMAT software. 26 
Statistical Analysis
Statistical analyses were performed using a two-sample t-test not assuming equal variances using SPSS Graduate Pack version 18.0 (SPSS, Chicago, IL, USA). All data are reported as mean ± s.e.m. except where stated.
RESULTS

C Enrichment of Plasma Glucose
Before infusion, blood glucose levels were 7.2±0.5 and 5.8 ± 0.4 mmol/L in normal and G1D mice, respectively, and were not statistically different between the two genotypes. Following infusion, blood glucose levels were significantly elevated both in normal mice, at 15.3±2.4 mmol/L, and in G1D animals, at 9.6 ± 1.2 mmol/L, again without statistical difference between the two genotypes. The presence of significant excess enrichment over natural abundance enrichment, illustrated in Figure 2 , demonstrates gluconeogenesis from [5,6,7- 13 C 3 ]heptanoate in the liver. Of note, the most highly enriched 13 C-glucose fraction was M þ 2 and M þ 3, as expected, since gluconeogenesis from [1,2,3-13 C 3 ]succinyl-CoA leads to the generation of oxaloacetate labeled in carbons 1,2,3 or 2,3,4, and oxaloacetate in turn produces phosphoenolpyruvate labeled in carbons 1,2,3 or 2 and 3. No differences were detected in glucose enrichment between normal control and G1D animal groups (Figure 2 ).
C-Nuclear Magnetic Resonance Spectra
Typical proton-decoupled 13 C spectra from extracts of the brain hemispheres are shown in Figure 3 for control and G1D mice. In both groups of animals, the glutamate resonance at carbon 4 (34.2 p.p.m.) displayed a prominent doublet due to spin-spin coupling between carbons 4 and 5 (J 45 ), which was comparable between both animal groups ( Figure 4D ). The measured coupling constant, B55 Hz, excludes a contribution from coupling between carbons 3 and 4. Consequently, the spectra of glutamate demonstrate that [1,2-13 C 2 ]acetyl-CoA was generated and oxidized in the brain. Since glucose was multiply labeled as a consequence of gluconeogenesis and this labeling pattern of heptanoate (or its 5-carbon products) cannot generate enriched acetyl-CoA, these spectra demonstrate that 13 C-enriched Figure 2 . Mass isotopomers of 13 C-glucose in plasma. Plasma 13 Cglucose was enriched from [5,6,7- 13 C 3 ]heptanoate in both normal and mutant (glucose transporter type I deficiency, G1D) animal groups. Data were corrected for the natural abundance of 13 C. Glucose was mostly enriched in M þ 2 (Control: 4.63%±1.5%; G1D: 5.28%±1.22%) and M þ 3 (Control: 3.65%±0.86%; G1D: 3.45%±0.69%). No statistical differences were detected between both animal groups.
heptanoate supplies gluconeogenesis and that the resulting 13 Cenriched glucose is oxidized in the brain of both control and G1D animals. The fact that the lactate carbon 2 and 3 also contains a doublet due to J 23 (and a quartet in case lactate C2) further demonstrates that the upstream pyruvate pool was multiply labeled. Interestingly, a doublet due to J 45 was not detected in the glutamine C4 signal in any sample.
In general, the labeling pattern of glutamate and glutamine was different in G1D compared with wild-type animals. In carbon 2, the overall 13 C resonance of glutamine was significantly higher than that of glutamate ( Figure 4A ) in both animal groups but the 13 C resonance in glutamate C4 was greater than glutamine C4 ( Figure 3) . As illustrated in Figures 3 and 4B , the fractional amount of glutamine doublet D2,3 was significantly larger (Po0.01) in G1D mice relative to normal, and in both animals it was greater than that of the glutamate doublet D2,3. The quartet resonance was also larger in glutamine C2 relative to glutamate (Figures 3 and  4B ), although the difference was statistically significant (Po0.01) only for G1D mice. In carbon 3, the glutamine 13 C resonance was also greater than the glutamate resonance (Figures 3 and 4A) , with no difference between animal groups. As it occurred with carbon 2, the labeling pattern was notably different between both molecules: The doublet (D) in carbon 3 can arise due to J 23 or J 34 since the coupling constants are virtually identical. The fractional amount of the glutamine C3 doublet was greater relative to that of glutamate and equivalent in both animals (Po0.001) ( Figure 4C ). Since the doublet D3,4 was not detected in glutamate C4 or glutamine C4 (Figure 3) , most, if not all, of the doublet C3 in both molecules derives from the doublet due to J 23 .
[4,5-13 C 2 ]glutamine was not detected, even though this metabolite can be observed after infusion of [1,2-13 C 2 ]glucose. In addition to a limited aspartate pool (described in further detail below), this may be due to dilution of [1,2-13 C 2 ]acetyl-CoA (derived from plasma glucose) with unlabeled acetyl-CoA inside the astrocyte generated after astrocytic degradation of heptanoate. Thus, (astrocytic) acetyl-CoA may derive both from labeled plasma glucose and from unlabeled heptanoate. This can be more manifest in G1D, where heptanoate may become the main contributor to acetyl-CoA generation because of reduced brain glucose accumulation. 14, 27, 28 Within each genetic group, the 13 C-multiplet spectra of glutamate and g-aminobutyric acid (GABA) were comparable, suggesting that the GABA pool is derived directly from the glutamate pool (Supplementary Figure 1) in the neuronal compartment since GABA is primarily produced in GABAergic neurons. 29 Particularly, GABA C3 and C4 contained a doublet (D3,4) that derives from glutamate labeled in carbons 2,3 and in carbons 1,2 and 3. Although this labeling pattern is consistent with metabolism of [5, 6, [7] [8] [9] [10] [11] [12] [13] C 3 ]heptanoate to [1,2,3-13 C 3 ]propionyl-CoA followed by entry into the TCA cycle, the identical pattern could occur as a consequence of carboxylation of [1,2,3-13 C 3 ]pyruvate derived from glucose.
Mass Spectrometry of Brain Glutamate, Glutamine, Succinyl-CoA, and Propionyl-CoA The enrichment of glutamate and glutamine from M þ 0 to M þ 3 is summarized in Table 1 . The enrichment of glutamine M þ 3 was approximately three times higher than the enrichment of glutamate M þ 3 (Po0.01) in both animal groups. The glutamine M þ 2 enrichment was also greater than that of glutamate M þ 2 but was not statistically significant (Table 1) . No differences were detected on M þ 1. On the other hand, the 13 C enrichment of M þ 3 of propionyl-CoA and succinyl-CoA in the brain of control and G1D mice were 70.75% ± 5.51% and 70.16% ± 6.51%, and 2.14%±0.31% and 2.28%±1.08%, respectively, with no differences between both animal groups.
Metabolism of 13 C-Glucose Relative to 13 C-Heptanoate
The presence of multiplets in carbons 2 and 3 of both glutamate and glutamine in the NMR spectra is consistent with the generation of [1,2,3- C-NMR (nuclear magnetic resonance) spectra of brain hemispheres from normal and glucose transporter type I deficiency (G1D) mice. Proton-decoupled 13 C-NMR spectra were acquired from extracts of brain tissue taken from animals infused with [5,6,7- 13 C 3 ]heptanoate. Spectra from both animals demonstrate 13 C labeling in brain glutamate and glutamine in carbons 2, 3 and 4 and lactate in carbons 2 and 3. In both animals, the glutamate and glutamine 13 C labeling pattern differed from one another in all carbon positions, suggesting that heptanoate metabolism is compartmentalized in the brain. In carbons 2 and 3, the total signal from 13 C-multiplets was more prominent in glutamine compared with glutamate. In carbon 4, the glutamate resonance was greater than that of glutamine. A doublet due to J 45 (arising from coupling between carbons 4 and 5) was present in glutamate but not glutamine. Of note, the resonance of glutamine C2 doublet D2,3 (purple arrows) was statistically higher in G1D animals compared with controls. The lactate resonance was also prominent in the 13 C spectrum of both animals. In lactate C2 and C3, the doublet D2,3 was the most abundant signal, indicating other 13 C substrates (i.e., glucose) may be oxidized in the brain as a result of gluconeogenesis from [5, 6, [7] [8] [9] [10] [11] [12] [13] C 3 ]heptanoate. 1. N-acetyl-aspartate C2, 2. Aspartate C2, 3. Taurine C1, 4. N-acetyl-aspartate C3, 5. GABA C4, 6. Creatine C2, 7. Aspartate C3, 8. Taurine C2, 9. GABA C2, 10. GABA C3, 11. N-acetyl-aspartate C6. GLU, glutamate; GLN, glutamine; LAC, lactate. C#: carbon labeled in position #. Sx, singlet; Dxx, doublet; T, triplet; Q, quartet. The color reproduction of this figure is available on the Journal of Cerebral Blood Flow and Metabolism journal online.
consistent with the presence of M þ 3 succinyl-CoA detected by mass spectrometry. However, the spectra of glutamate (specifically, the doublet due to J 45 ) demonstrates that pyruvate in the brain was multiply labeled. Therefore, an alternative interpretation of both the 13 C-NMR spectra in Figure 3 and the mass spectrometry observations is simply that The measured 13 C enrichment in plasma glucose shown in Figure 2 fixes the upper limit on the amount of either [2,3- 13 C]pyruvate or [1,2,3-13 C]pyruvate that can be present in the brain (as these are the two labeling patterns that can be metabolized to [1,2- 13 C 2 ]acetyl-CoA). The measured M þ 3 in propionyl-CoA, B70% in both animal groups, proves that carbon skeletons from [5,6,7- 13 C 3 ]heptanoate and/or [3, 4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C 3 ]C5-ketones are metabolized in the brain to the level of propionyl-CoA. The detection of M þ 3 propionyl-CoA does not, in itself, demonstrate significant flux from heptanoate carbons through propionyl-CoA carboxylase. However, metabolism of 13 Cenriched glucose under these conditions is not consistent with the observed mass and NMR spectra and, for this reason, we conclude that [5,6,7- 13 C 3 ]heptanoate provides carbon directly for anaplerosis in the brain in both groups of animals.
Concentration of Tricarboxylic Acid Cycle Intermediates, Amino Acids, and Acetyl-CoA To determine the impact of heptanoate infusion on intermediates and products of the brain TCA cycle, their concentration was measured in the contralateral brain hemisphere in both animal groups as depicted in Table 2 . Strikingly, brain acetyl-CoA levels were statistically higher in the G1D group relative to the normal control animals, which indicates that heptanoate or C5 ketones derivatives increase acetyl-CoA concentrations in the transgenic G1D mouse above those found in the normal mouse. Of note, basal (uninfused) brain amino-acid contents are preserved in G1D relative to normal mice 14 (unpublished data). In agreement with the NMR data, the levels of glutamine were higher than that of glutamate in both animal groups and more markedly so in G1D mice, which is consistent with the notion that heptanoate and C5 ketones are primarily metabolized by glia. In addition, glutamine levels were significantly higher in the G1D mouse compared with Figure 4 . Analysis of 13 C spectra in normal and glucose transporter type I deficiency (G1D) mice. (A) Overall, the 13 C abundance of glutamine in carbons 2 and 3 was greater than glutamate; this difference was more prominent in G1D mice although did not reach statistical significance. Carbon 4 was not illustrated since glutamine C4 did not contain multiplets. (B) The fractional amount of the glutamine C3 doublet was significantly higher than the glutamate C3 doublet in both mice with no difference between animal groups. (C) In carbon 2, the glutamine doublet D2,3 was statistically more abundant in G1D mice relative to normal and greater than the glutamate doublet D2,3 in both animals. No differences were observed in the fractional amount of the doublet D1,2 within and between animal groups. The quartet (Q) was more prominent in glutamine than glutamate, although it was statistically significant only in the G1D group. (D) No difference was detected between animals relative to the fractional amount of glutamate doublet D4,5. Values are expressed as mean±s.e.m. **Po0.01,***Po0.001. G1D, glucose transporter type I deficiency; GLN, glutamine; GLU, glutamate; MPE, mole percent excess. Differences in the mass isotopomer distribution between glutamate and glutamine in normal and mutant G1D animal groups. Strikingly, the abundance of M þ 3 was approximately three times higher in glutamine relative to glutamate, which suggests that [5, 6, [7] [8] [9] [10] [11] [12] [13] C 3 ]heptanoate enriched mostly the glutamine pool. The abundance of M þ 2 was higher in glutamine but not statistically different from the glutamate M þ 2 abundance. No differences in glutamate and glutamine enrichment were detected between animal groups. *Po0.05, **Po0.01.
Brain heptanoate metabolism I Marin-Valencia et al normal, which correlates with the presence of reactive astrocytes with preserved expression of glutamine synthetase in the G1D brain, probably as a potential compensatory mechanism of glucose transporter deficiency in these cells, 14 No differences were identified in the levels of glutamate or GABA across animal groups. The concentration of succinate, fumarate, and malate was also equivalent between both animal groups.
DISCUSSION
Since its first use to treat fatty acid oxidation defects, 9 triheptanoin has been applied in multiple energy metabolism disorders in which anaplerosis is thought to be impaired. 10, 20, 30, 31 The rationale for the use of triheptanoin in patients with long-chain fatty acid oxidation defects was that the poor response to even-carbon medium-chain triglycerides (MCT) may be due to the loss of TCA cycle intermediates from skeletal muscle and heart mitochondria. The resulting oxaloacetate depletion would then limit the oxidation of MCT-derived acetyl-CoA. Triheptanoin may be a more effective therapy in this condition because it provides propionyl-CoA (which is anaplerotic by replenishing the oxaloacetate pool via succinyl-CoA) and acetyl-CoA, which can be further oxidized in the TCA cycle. More recently, it was hypothesized that certain forms of epilepsy are associated with depletion of TCA cycle intermediates. 11 Triheptanoin exhibited anticonvulsant effects in animal models of chronic epilepsy by increasing the seizure threshold. 11 However, the mechanisms of triheptanoin metabolism in the brain remained to be elucidated.
In this study, the metabolism of heptanoate was examined in the conscious brain of normal mice and in a transgenic mouse model of the common epileptic phenotype of G1D. A central problem was to distinguish the direct metabolism in the brain of heptanoate (or equivalent molecules such as pentanoate) from the metabolism of heptanaote-derived glucose in the brain. Since both pathways provide for delivery of 13 C into the TCA cycle, a simple detection of spin-coupled multiplets is not discriminative. Furthermore, 13 C-enriched glucose could generate 13 C-enriched pyruvate that enters TCA cycle via an anaplerotic pathway. In this study multiply enriched glutamate and glutamine was detected by both mass spectrometry and 13 C-NMR spectroscopy. This study demonstrates both indirect metabolism of [5,6,7-13 C 3 ]heptanaote via initial conversion to multiply enriched glucose, as well as direct metabolism of [5, 6, [7] [8] [9] [10] [11] [12] [13] C 3 ]heptanoate and/or [3, 4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C 3 ]C5-ketones via anaplerosis in the brain. The results further suggest that heptanoate and/or C5 ketones are metabolized primarily through the glial TCA cycle and that relatively little utilization occurred in neurons in both animals ( Figure 5 ). This conclusion is based on the finding that 13 C-labeled heptanoate and/or C5 ketones were preferentially metabolized to glutamine, as the concentration and the overall 13 C enrichment of glutamine (primarily M þ 3) was larger than that of glutamate ( Table 1 ). The preferential labeling of glutamine indicates that odd-carbon fatty acids were metabolized in cells that express glutamine synthetase (EC 6.3.1.2), such as astroglia and oligodendroglia. 32, 33 These findings are in agreement with the general contention that fatty acids are primarily metabolized in glia. 34, 35 For example, the injection of 14 C-labeled propionate to the striatum or cortex of mice resulted in five to six times higher labeling of glutamine relative glutamate. 34 Ebert et al. 35 reported that the metabolism of 13 C-octanoate in the brain occurs predominantly in the glial compartment based on the greater enrichment of glutamine over glutamate. Together, these findings suggest that the potential anticonvulsant effect of triheptanoin may begin or take place primarily in glia.
Conversely, heptanoate-derived 13 C-glucose was primarily metabolized in neurons, as demonstrated by the characteristic coupling in the carbon 4 in glutamate, but not in glutamine (Figures 3 and 5 ). Glia may also have the capacity to generate ketones, 36 a phenomenon observed in cultured immature astrocytes, 37 while hepatic ketogenesis could in principle proceed from labeled glucose originated by gluconeogenesis and translate into ketonemia for labeled hydroxybutyrate and acetoacetate. Although glucose is not a ketogenic substrate physiologically or under conditions that favor an increase in plasma glucose (such as heptanoate infusion; see below), circulating hydroxybutyrate and acetoacetate can be consumed by astrocytes, such that part of the observed labeling in glutamate and glutamine may also arise from these substrates. The gluconeogenic properties of heptanoate have been previously observed in rats infused with 13 C-heptanoate, in which the rate of glucose synthesis in the liver manifested an increase of about 1.5 times compared with rats infused with saline. 17 Under these experimental conditions, only glutamate C4 (and not glutamine C4) exhibited a prominent doublet D4,5, which, together with the fact that glucose became predominantly labeled in M þ 2, indicates that heptanoate-derived 13 C-glucose was largely metabolized in neurons. On the other hand, the finding that the 13 C-multiplet pattern was equivalent for glutamate and GABA in all carbons indicates that GABA is produced from glucose-derived and also from heptanoate-derived glutamate in neurons in both animal groups (Supplementary Figure 1) . The lack of labeling in glutamine may also reflect diminished transamination of labeled aspartate, 38 despite the normal aspartate brain contents found in uninfused control and G1D mice. 14 Metabolism of heptanoate in the brain differed between normal and G1D mice. GLUT-1 serves as the facilitative transporter for glucose across the blood-brain barrier and astrocyte membrane. It has been reported that GLUT-1 deficiency induces reactive astrocytosis, 39 defined as an increase in the number and the size of cells expressing glial fibrillary acidic protein. 40 Reactive astrocytes that retain expression of glutamine synthetase are present in the brain of G1D mice, 14 consistent with a greater rate of glutamine synthesis from heptanoate in G1D relative to normal brain.
Anaplerosis from propionyl-CoA precursors, such as heptanoate, is of potential interest based on its capacity to replenish TCA cycle intermediates and the transmitter glutamate and its precursor glutamine. 12, 13, 34 It has been hypothesized that, in certain forms of epilepsy, TCA cycle intermediates may be deficient in the context of neuronal hyperexcitability. 11 Willis et al. 11 reported that dietary triheptanoin restored malate levels in the brain of pilocarpineinduced status epilepticus mice, who also experienced an increase G1D, glucose transporter type I deficiency; GABA, g-aminobutyric acid; TCA, tricarboxylic acid. The concentration of acetyl-CoA (nmol/g of tissue) was higher in the G1D group relative to the normal group. The concentration of glutamine (mmol/g of tissue) was greater in G1D mice relative to normal mice and in both animal groups glutamine levels were higher than glutamate levels (determined in mmol/g of tissue), which suggests that heptanoate and/or C5-KB are primarily metabolized by glia and that this process is more robust in mutant animals. No differences were detected in the levels of glutamate or GABA between animals. The concentration of TCA cycle intermediates (mmol/g of tissue) such as succinate, fumarate and malate was comparable between both groups. ***Po0.001.
in seizure threshold. However, the rate by which propionyl-CoA is converted to succinyl-CoA is assumed to be low based on the small detectable 13 C labeling of glutamate and glutamine upon injection of 13 C-propionate or [U-13 C]isoleucine. 34, 41 In agreement with these studies, the enrichment of succinyl-CoA M þ 3 relative to its precursor propionyl-CoA M þ 3 measured in this study was B3% in the brain of both animals, indicating that the rate of conversion of propionyl-CoA to succinyl-CoA is probably small in both normal and G1D brains.
In conclusion, the present work aimed to characterize the metabolism of heptanoate in the conscious brain of normal and G1D mice. The simplest interpretation of the results ( Figure 5 ) support several conclusions: First, heptanoate is a substrate for gluconeogenesis and plasma glucose derived from heptanoate is oxidized in the brain. Any metabolic (or therapeutic, especially when referring to disorders associated with impaired brain glucose accumulation) effects attributed to heptanoate must consider this pathway in vivo. Second, heptanoate itself (or C5 derivatives) may supply propionyl-CoA in the brain and thereby directly support biosynthetic reactions that cannot be supplied by even-carbon ketones, even in the setting of even-carbon ketogenesis by liver or glia. Finally, heptanoate and/or its by-product C5 ketones are primarily metabolized by glia. These results support the notion that the anticonvulsant effects of triheptanoin may stem primarily from glial metabolism. Further studies are necessary to elucidate the clinical effects of triheptanoin in G1D and its potential applications in other brain energy metabolism disorders.
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